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a b s t r a c t 
 
We demonstrate potential applications for unusual dendrite like Au–Ag alloy nanoparticles formed via a galvanic replacement 
reaction in the ionic liquid [BMIM][BF4]. In comparison to Au–Ag alloy nanoshells synthesised via a similar reaction in 
water, the unusual branched structure of the dendritic materials led to increased electrocatalytic activity for the oxidation of 
both formaldehyde and hydrazine, and increased sensitivity and spectral resolution for the surface enhanced Raman scattering 
(SERS) of 4,4-bipyridal.  
 
 
 
1. Introduction 
 
Due to their unique size- and shape-tuneable characteristics, 
nanomaterials, and in particular metal nanoparticles have received 
tremendous attention for potential applications in the fields of catal-ysis, 
sensing, photonics, optoelectronics and biology [1–3]. Despite the remarkable 
interest in the shape control of nanomaterials there still remains a great 
challenge in understanding the shape guiding processes. This is primarily due 
to the tendency of most metals (face centred cubic) to nucleate and grow into 
twinned and multiply twinned (quasi-spherical) particles with their surface 
bounded by the lowest energy (111) facets [3]. Efforts towards synthesis of 
anisotrop-ic metal nanoparticles (cubes, rods, plates, etc.) with less stable 
facets have also been successful, mostly by kinetically controlling the syn-
thesis using chemical capping agents, in which slower reaction kinet-ics are 
generally seen to play a key role in anisotropic nanostructure synthesis [1–3]. 
Recently, a galvanic replacement approach involving a sacrificial metal 
nanoparticle template and a suitable metal salt as an etchant has been 
employed to synthesise hollow metal nanostruc-tures whereby the end 
product of the replacement reaction is gener-ally a hollow pseudo-allomorph 
of the original nanoparticle template shape (e.g. Au nanoboxes can be 
synthesised using Ag nanocubes as a template) [3–8]. 
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Previously we have employed the ionic liquid (IL) 1-butyl-3-
methylimidazolium tetrafluoroborate [BMIM][BF4] as a solvent medium for 
the synthesis of flat dendritic nanostructures by the galvanic replacement of 
spherical Ag nanoparticles with [AuBr4]
− ions [8]. The in-teresting properties 
of ILs including high viscosity, negligible vapour pressure and wide 
electrochemical window [9] make ILs an attractive medium for the 
stabilisation of reaction intermediates and the dissolu-tion of reaction 
products that are otherwise prevented reaction path-ways in the aqueous 
phase. In this manuscript we elaborate on the potential of these Au–Ag 
dendritic nanostructures to greatly enhance SERS activity and their utilisation 
as an efficient electrocatalyst for the oxidation of both hydrazine and 
formaldehyde that are of particular interest for potential electroanalytical and 
fuel cell applications. 
 
2. Experimental section 
 
2.1. Materials 
 
Silver nitrate (AgNO3), sodium borohydride (NaBH4) and potassium 
tetrabromoaurate dihydrate (KAuBr4•2H2O) were purchased from Sigma-
Aldrich; sodium oleate, formaldehyde and hydrazine were pur-chased from 
BDH; and [BMIM][BF4] IL was purchased from Ionic Liquid Technologies 
(IoLiTec). All chemicals were used as received. 
 
2.2. Synthesis of silver nanoparticles 
 
Silver nanoparticles were synthesised by reducing 5 mM silver nitrate 
with NaBH4 in the presence of sodium oleate following a pro-cedure set out 
by Efrima et al. [10].
 
2.3. Galvanic replacement reaction 
 
Stock solutions containing 1 mM [AuBr4]
− ions were separately prepared 
in deionized water (MilliQ) and [BMIM][BF4]. In a 1.4 mL re-action volume, 
0.3 mL aliquots of Ag nanoparticles synthesised above were mixed with 0.15 
mL of [AuBr4]
− stock solution resulting in gold salt to Ag nanoparticle molar 
ratio of 1:10 (Au:Ag). The reaction prod-ucts were centrifuged and 
redispersed in 0.5 mL of deionized water. 
 
2.4. Instrumentation 
 
TEM measurements were performed on a JEOL 1010 TEM. UV-Visible 
spectroscopy (UV–vis) measurements were performed on a Cary 50 Bio-
spectrophotometer. SERS analysis was performed on a Perkin Elmer 
RamanStation 400 F. 
 
3. Results and discussion 
 
Displayed in Fig. 1A are typical transmission electron micrographs of the 
as-synthesised oleate capped Ag nanoparticles, which are quasi-spherical and 
fairly monodisperse with diameters of ca. 15–20 nm. Reaction with a 1:10 
molar ratio KAuBr4 (Au:Ag) in aqueous medium results in the formation of 
ca. 40 nm diameter thick-walled hollow Au–Ag alloy nanoshells via a pin-
hole forming mechanism [6] as is shown in Fig. 1B. The mechanism of 
nanoshells formation in aqueous media is well established and is not 
discussed here [6]. It must be noted that formation of Au onto colloidal Ag 
nanoparticles also results in a characteristic size increase of the final structures 
with respect to the original template, which corroborates well with the 
previous studies in aqueous and organic solvents where a similar size increase 
is also reported [4,5,7]. In contrast to the nanoshells formed via galvanic 
replacement reaction in water, when reacted with 1:10 KAuBr4 in the IL, the 
silver nanospheres un-dergo an unusual morphology change to form large flat 
hierarchical dendrite-like structures as shown in Fig. 1C. We previously 
explained this unusual growth based on a diffusion-limited process promoted 
due to the viscous properties of the IL, which is able to stabilise a Au(I) 
complex leading to a complex growth mechanism [8]. Important information 
regarding the difference in the galvanic replacement pro-cess in water and IL 
can be obtained by following the changes in the surface plasmon resonance 
(SPR) of nanostructures in the respective solvents, which directly depends on 
their size, shape, composition and chemical environment [11]. Fig. 1D shows 
the UV-visible spectra 
 
of the as-synthesised Ag nanoparticles in water (curve 1) and trans-ferred to 
IL (curve 3), in addition to those where the Ag nanoparticles have been 
galvanically replaced with 1:10 KAuBr4 in water (curve 2) or IL (curve 4). In 
water, it is observed that reaction with [AuBr4]
− ions results in the red shift of 
the characteristic Ag SPR due to the simultaneous occurrence of Ag0 
oxidation (to Ag+) and [AuBr4]
− re-duction (to Au0 on the nanoparticle 
surface) [8]. The galvanic replace-ment products in the IL result in markedly 
different SPR features than those in water. Transfer of Ag nanoparticles to the 
IL (Fig. 1D, curve 3) from water results in a slight red shift and absorbance 
dampening of the SPR, which is attributable to a medium dielectric effect 
[11]. Inter-estingly reaction with [AuBr4]
− in IL (Fig. 1D, curve 4) results in 
a blue shift to ca. 390 nm and the appearance of two shoulders at ca. 590 nm 
and 705 nm respectively, which is in stark contrast to that in water where a 
red shift was observed. These SPR features in IL are consistent with 
anisotropic growth of Au–Ag nanostructures, as explained previously [6,8]. 
 
 
It is well known that gold is an active electrocatalyst in alkaline media due 
to the facile generation of surface oxide species that have been speculated as 
mediating electrocatalytic reactions [12,13]. Also, silver has been reported as 
behaving in an analogous manner with considerable uptake of hydroxyl 
species before oxide formation [14]. These properties of Au and Ag have 
been utilised for the oxida-tion of small organic molecules such as 
formaldehyde and methanol under alkaline conditions, detection of hydrogen 
peroxide and glu-cose in neutral solutions, and electrochemical reduction of 
organic halides by Ag, Au and Au–Ag alloys [15–17]. 
 
Illustrated in Fig. 2 are cyclic voltammograms (CVs) for the elec-
trochemical oxidation of hydrazine (A) and formaldehyde (B) in 1 M NaOH 
by equivalent amounts of Au–Ag hollow and dendritic nanostructures. In this 
potential range the oxidation of Ag is avoided [17] and therefore 
nanostructures will be stable under the conditions of the electrocatalytic 
reactions studied. These reactions were chosen as they have been identified as 
possible candidates in liquid fuel cells where the former in particular does not 
suffer from poisoning effects [18]. Au–Ag dendrites formed by galvanic 
replacement in IL clearly show a significant improvement in electrocatalytic 
performance, in comparison to hollow Au–Ag nanospheres synthesised in 
water, in particular the significant negative shift of 200 mV in onset potential. 
The same effect is also observed during the course of formaldehyde oxidation 
with again a 200 mV shift to less positive potential for the onset of the 
reaction. It should be noted that in both cases the same amount of material 
(i.e. obtained from the same amount of starting 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Transmission electron micrographs of (A) oleate-capped Ag nanoparticles in water, and after their reaction with KAuBr4 in (B) water and (C) [BMIM][BF4]. (D) UV-Visible spectra of Ag 
nanoparticles and their reaction with KAuBr4 in water and [BMIM][BF4]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (A, B) Cyclic voltammograms recorded at 50 mV s−1 at a GC electrode modified with Au–Ag nanostructures synthesised in H2O (dashed) and [BMIM][BF4] (solid) in 1 M NaOH containing 
(A) 50 mM hydrazine and (B) 0.1 M formaldehyde. (C) Surface enhanced Raman scattering spectra of 4,4-bipyridal in the presence of (a) hollow Au–Ag alloy nanoshells and (b) dendritic Au–Ag 
alloy nanostructures. 
 
 
Ag nanoparticles) was drop cast onto the electrode surface, however, the 
composition of the samples did vary slightly in that the Au–Ag dendrites 
contained slightly more Ag than the Au–Ag hollow spheres, as confirmed by 
EDX (ca. 10.60±0.24 mo% Au in Au–Ag dendrites synthesised in IL vs. 
12.47±0.16 mol% Au in hollow Au–Ag spheres synthesised in water) [8]. 
Given that the Au–Ag nanodendrites con-tain more Ag than the Au–Ag 
hollow spheres, which is often regarded as being not as active a catalyst as 
Au, suggests that the morphology and crystallographic orientation of the 
former are the dominant fac-tors in their improved electrocatalytic properties. 
However, in con-trast to nanoshells, which will tend to form dense layers, the 
increase in peak current for the dendrites might be because they may protrude 
from the electrode surface in all directions, resulting in significant extension 
of the diffusion boundary [18]. These results are also consistent with previous 
studies that demonstrated that an-isotropic fractal shaped palladium 
nanostructures with sharp edges and tapered points are more highly active 
electrocatalysts compared to quasi hemispherical nanoparticles [19]. It was 
calculated that these Pd nanoparticles with branched patterned tips of ca. 10 
nm in 
 
 
diameter can be considered as a collection of nanometre sized clus-ters at the 
tips. Therefore the local electronic properties of the tips of fractal structures 
such as those observed here (Fig. 1C) differ con-siderably to those predicted 
from extended surfaces and are more likely prone to more facile formation of 
oxide species that can medi-ate electrocatalytic reactions such as hydrazine 
and formaldehyde oxidation. 
 
Au–Ag dendritic structures obtained in IL were further compared with 
Au–Ag hollow spheres obtained in water for their suitability as SERS-active 
materials. For SERS applications, it is believed that at least two cooperative 
enhancement mechanisms contribute to the overall SERS enhancement. The 
long-range electromagnetic (EM) ef-fect contributes most to the enhancement 
and is based on the ampli-fication of EM fields caused by the oscillation of 
surface plasmons of features in the 10–100 nm size range. Short-range 
chemical enhance-ment (CM) contributes to a lesser extent than the EM effect 
and is as-sociated with bonding of molecules to surface defect sites such that 
charge can be transferred between the molecule and the metal sur-face. 
Research in the field of SERS has demonstrated the ability for
  
 
different silver [20,21] and gold-based nanomaterials [22,23] to act as highly 
active SERS substrates. Illustrated in Fig. 2C are the SERS spectra of the Au–
Ag hollow nanoshells (curve a) and Au–Ag dendrites (curve b) drop cast onto 
a polished gold substrate and using 4,4-bipyridal as a probe molecule. Au–Ag 
dendrites caused a nine-fold increase in the SERS response of 4,4-bipyridal in 
comparison to Au–Ag nanoshells. Pre-vious reports [24,25] have 
demonstrated that SERS effects can be signif-icantly enhanced by intense 
localised fields arising from the sharp tips of the nanostructures, which 
appears to be the case with Au–Ag den-drites. Dendritic structures possess 
many nanostructured elements in which the induced polarisation corresponds 
to distance characteristics of wavelengths in the visible/near infrared 
spectrum, resulting in the amplification of the localised electric field and 
therefore act to enhance the effective polarisation of the probe molecule and 
hence increasing the SERS activity. The prevalence of a multitude of these 
fine nanostruc-tured elements in the hierarchical dendritic material (Fig. 1C) 
leads to an increase in the observed EM effect in comparison to the nanoshells 
which do not possess such fine structures. 
 
 
4. Conclusion 
 
We have demonstrated that nanostructures of vastly different 
morphologies formed through galvanic replacement in IL and water entail 
significantly different characteristics. The Au–Ag dendritic structures formed 
in IL outperform hollow Au–Ag nanospheres in their electrocatalytic 
performance towards oxidation of hydrazine and formaldehyde, as well as 
towards their ability to enhance the Raman scattering of molecules through 
SERS. Considering the in-creasing focus on understanding the structure–
property relationship between different nanostructures, the results presented 
in this study re-emphasize the importance of this concept and suggest that the 
choice of a reaction medium during galvanic replacement may as-sist in 
controlling the application of such nanomaterials. 
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